Environmental monitoring of bacteria using phage-based biosensors has been widely 14 developed for many different species. However, there are only a few available methods to 15 detect specific bacteriophages in raw environmental samples. In this work, we developed a 16 simple and efficient assay to rapidly monitor the phage content of a given sample. The assay is 17 based on the bistable expression of the Salmonella enterica opvAB operon. Under regular 18 growth conditions, opvAB is only expressed by a small fraction of the bacterial subpopulation.
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MO) instead of aniline blue. Antibiotics were used at the concentrations described previously 152 (44) . E50X salts [H 3 C 6 H 5 O 7 · H 2 O (300 g/l), MgSO 4 (14 g/l), K 2 HPO 4 · 3H 2 O (1965 g/l), 153 NaNH 4 HPO 4 · H 2 O (525 g/l)] were used to prepare E minimal plates [E50× (20ml/l), glucose 154 (0.2%), agar 20 g/l].
155

Electrophoretic visualization of LPS profiles 156
To investigate LPS profiles, bacterial cultures were grown overnight in LB. Bacterial cells were 157 harvested and washed with 0.9% NaCl. Around 3×10 8 cells were pelleted by centrifugation.
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Treatments applied to the bacterial pellet such as electrophoresis of crude bacterial extracts 159 and silver staining were performed as described elsewhere (45).
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Bacteriophage challenge 161
Bacterial cultures were grown at 37°C in LB (5 ml) containing phages (100 μl of phage lysate 162 [10 8 -10 10 pfu]). Cultures were diluted 1:100 in LB + phage and incubated until exponential 
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Flow cytometry 168
Bacterial cultures were grown at 37°C in LB or LB containing phage until exponential (OD 600 169 ~0.3) or stationary phase (OD 600 ~4). Cells were then diluted in PBS to obtain a final 170 concentration of ~10 7 cfu/ml. Data acquisition and analysis were performed using a Cytomics 171 FC500-MPL cytometer (Beckman Coulter, Brea, CA). Data were collected for 100,000 events 7 overnight incubation at 37°C. The spot assay was used to assess the bactericidal ability of 183 different phage lysates. Isolation of phage was performed by the double agar layer method 184 using Salmonella and E. coli as a host system. Isolated plaques were suspended in LB and were 185 streaked in plates which contained a bacterial layer in order to isolate pure phage. Phages 186 were characterized on the basis of plaque morphology and host range. Moreover, certain 187 phages were characterized by electron microscopy and their genomes were sequenced. 
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Electron microscopy 189
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Detection of phage in a crude water sample 196
A tube with 3.5 ml of LB, 0.5 ml of an overnight culture of SV6727 strain (opvAB::gfp) and 1 ml 197 of a 0.22 µm filtered water sample was incubated for 7 h without shaking. The culture was 198 diluted at a ratio of 1/200 in LB medium and incubated at 37°C with shaking (200 rpm) for 3 199 hours before dilution in PBS buffer. All water samples were collected in the Sevilla area.
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Data acquisition and analysis were performed using a Cytomics FC500-MPL cytometer 201 (Beckman Coulter, Brea, CA). Data were collected for 100,000 events per sample, and analyzed 202 with CXP and FlowJo 8.7 software. The presence of phages in water samples was checked 203 simultaneously by plating 1 ml of water on a plate with S. enterica poured into soft agar. detection, flow cytometry and plate reader monitoring, to detect 3 different bacteriophages only very sensitive but also descriptive of the bacterial population heterogeneity. In contrast, 217 fluorescence detection using a plate reader only provided a rough assessment of the 218 population structure (Fig. 1B) . On the other hand, fluorescence detection using a plate reader 219 does not necessitate a high-cost machine such as a flow cytometer and has the advantage to 220 give a measure according to the OD 600 of the culture. Our standard protocol for phage 221 detection by flow cytometry includes 8 h of incubation to ensure that phages kill the vast 222 majority of OpvAB OFF cells, thus leading to the enrichment of the OpvAB ON population.
223
However, thanks to the sensitivity of this technique and because fluorescence increases as a 224 function of time, measurements can be done earlier than 8 h. As depicted in Figure 1C , 225 incubation for 1 or 2 h after dilution into fresh medium in the presence of P22_H5 led to 2.6% 226 and 11.3% of positive cells respectively. Since flow cytometry is highly reproducible, these 227 levels are sufficient to discriminate an OpvAB ON subpopulation from the background level of 228 cells that passed the fluorescence threshold in the absence of phage (0.2%) (Fig. 1C ). These 
Detection of uncharacterized bacteriophages__
To go further with the phage detection 244 tool, we decided to isolate and purify various S. enterica-infecting bacteriophages and test 245 whether they could be detected without previous characterization of the phage receptor.
246
Indeed, a phage that would need a functional and extended LPS should kill the OpvAB OFF 247 subpopulation as the known phages did. In contrast, a phage that would not need (or that can 248 bypass) LPS to infect should not discriminate the two sub-populations. Various phages were 249 enriched, isolated and partially characterized from different environments in the Seville area 250 as described in the Methods section. Without going deeper into the characterization of those 251 phages, the plaque morphologies (not shown), and even more the images obtained after 252 negative staining by TEM indicated that the 6 isolated phages were different from each other 253 ( Fig. 2A ). This was further confirmed by sequence determination of the 6 phage genomes 254 (Olivenza DR et al, in preparation) . The 6 of them were assayed by flow cytometry for 255 detection using the opvAB::gfp fusion. Interestingly, all 6 were perfectly detected 8 hours post-256 infection with more than 60% of the cells in the ON state ( 
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plate reader by using serial dilutions of 9NA. As shown in Fig. 4A , only the most diluted sample, 298 equaling to 10 PFU/ml, could not be distinguished from the control experiment with no phage.
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Therefore, using a fluorescence plate reader, as little as 100 PFU/ml could be detected.
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Interestingly, the curves obtained in the presence of effective amounts of phage show an 301 interesting profile. In the first five hours, the global tendency was an increase of the whole 302 population (OpvAB ON and OpvAB OFF ), followed by a rapid decrease (Fig. 4A, inset) . Five hours 303 post-infection, the bacterial growth resumed more or less rapidly depending on the amount of 304 phage initially present in the culture. As expected, the fluorescence intensity correlated with 305 growth only when samples were initially infected with 9NA (≥ 100 PFU/ml) ( Fig. 4A ), indicating 306 that only the ON subpopulation grew under these conditions. This was confirmed by the fact 307 that the highest fluorescence intensity was reached in the presence of the highest amount of 308 phage, which killed the OpvAB OFF subpopulation more efficiently. As expected, in the absence 309 of phage (or in the presence of a low number of phages), bacterial growth did not correlate 310 with fluorescence increase, indicating that the OpvAB OFF population mainly accounts for 311 bacterial growth. Based on this experiment, we tentatively concluded that strong, dose-312 dependent fluorescence intensity was reached 10 hours post infection (Fig. 4A, inset) . In order 313 to test those parameters using flow cytometry, the same serial dilutions of phages were 314 applied for 10 h and enrichment of the OpvAB ON subpopulation was monitored. In contrast 315 with the plate reader experiment, all the phage concentrations tested above 1 PFU/ml were 316 able to enrich the ON subpopulation (Fig. 4B) . Moreover, a linear correlation was observed 317 between the phage concentration and the OpvAB ON subpopulation size up to 10 2 PFU/ml, 318 which could be used as a calibration curve to determine phage concentration in a given 319 sample. Hence, the phage biosensor appears to be highly sensitive and can detect as little as 345 Another improvement originated from earlier work showing that the OpvAB ON sub-population 346 size increased when specific GATC sites present in the promoter region were mutated (30, 32).
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Indeed, when the mut1,2GATC opvAB::gfp construct was used as a biosensor for phage 9NA, 348 the fluorescence increased faster than with the construct bearing the wild-type promoter and 349 reached a plateau in about 10 h (Fig. 5B, inset) . Interestingly, the largest difference was 350 observed around 7 h post-infection.
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We then combined both improvements (low cell density and mutations in GATC sites) to reach 352 an even lower detection limit. The experiment described in Fig. 5C was performed in two 353 steps. First, we used as little as eight 9NA phages diluted into 500 ml of LB containing a dilution
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(1/10) from an overnight culture of the biosensor strain and let the phage enrichment proceed 355 for 15 h. Then the mixture was diluted again into fresh medium to let the OpvAB ON 356 subpopulation enrich for 5 h before the flow cytometry assay. It is remarkable that an 357 extremely small initial number of phages was able to enrich the ON subpopulation up to 86.5% 358 under the conditions described (Fig. 5C ), thus lowering the detection level to about 1.6 phages 359 per 100 ml. As a reminder, before optimization the detection limit with flow cytometry was 360 around 1000 phages per 100 ml. Design of a biosensor able to detect coliphages using the opvAB::gfp fusion __ Up to 376 this point, the design and improvement of the phage biodetection method was performed 377 using S. enterica as a chassis. To widen our capacity to detect phages in environmental 378 samples, we decided to adapt the biosensor to coliphages. To do so, we first had to restore a 379 full length LPS as E. coli K12 MG1655 is well-known to carry an IS5-interrupted version of the 380 wbbL gene encoding a rhamnosyltranferase (38). This is clearly evidenced by the length and 381 profile of the LPS following extraction, separation by SDS-PAGE and silver staining is affected in 382 MG1655 (Fig. 6A, lane 1) . The interrupted wbbL gene was complemented either by adding a 383 plasmid-based copy of wbbL or by integrating ectopically a single copy of the wild type gene. In 384 both cases, the LPS structure was restored (Fig. 6A, lanes 4 and 5) . 
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Using the opvAB::gfp-carrying LPS + E. coli strain, we isolated and purified 7 coliphages from 392 water samples from the Seville area. As shown in Figure 6B , seven of the coliphages were able 393 to select the OpvAB ON subpopulation with an enrichment efficacy ranging from 11.2 to 58.6 %, 394 far higher than the control without phage (1.27 %). Again, this difference could account to the 395 use of the LPS as a primary receptor or as a full receptor for the isolated coliphages except for 396 Ec_unk_PO1. Whatever the case, this experiment shows that the method works alike in E. coli 397 and in S. enterica, and that the opvAB::gfp fusion is a versatile tool that could be used with 398 different enterobacterial chassis.
Figure 6. Restoration of E. coli MG1655 O-Antigen and detection of unknown coliphages.
FhuA) was not detected using the Ec_opvAB::gfp biosensor (Fig. 6C) . Together, these 452 experiments show that the method can accommodate not only different bacterial chassis 453 (Salmonella and E. coli) but also different types of receptors, thus providing primary indication hypothesis is strengthened by the fact that in the case of the FhuA-binding phages detected 505 using the P opvAB -llp::gfp biosensor the enrichment of the ON subpopulation was much more 506 efficient (Fig. 7) . Indeed, it is known that T5 relies essentially on FhuA for a productive lytic 507 cycle, whereas the polymannose decoration of the O-antigen is used as a primary receptor 508 important for primary binding but dispensable for the overall cycle ( Fig. 7) (58, 59) . 
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An important add-on value of the method described here is its capacity to discriminate 522 bacteriophages infecting the same host but using different types of receptors (Figs. 6, 7) . This Fluorescent Biosensor Prototypes to Specifically Detect Enteric Bacteria Such as E. coli and for the reversible adsorption of bacteriophage T5+ via the L-shaped tail fibers. J Virol 41:222- 
